Introduction
============

As a common inflammatory disease, asthma is characterized by reduced respiratory function and increased infiltration of leukocytes, particularly eosinophils. This inflammation usually leads to airway bronchoconstriction, increased airway hyperresponsiveness (AHR) and mucus production ([@b1-etm-0-0-5691]). Controlling airway inflammation is currently the primary strategy of asthma management ([@b2-etm-0-0-5691]). Synthetic glucocorticoids (GCs) are widely used to treat chronic and acute inflammatory conditions worldwide ([@b3-etm-0-0-5691],[@b4-etm-0-0-5691]). Dexamethasone, as a typical GC, is the standard treatment for multiple diseases, including asthma ([@b5-etm-0-0-5691]), arthritis ([@b6-etm-0-0-5691]) and autoimmune disorders ([@b7-etm-0-0-5691]). However, the clinical use of dexamethasone is limited by its side effects at high doses in short-term treatment, or at low doses in long-term treatment ([@b8-etm-0-0-5691]). Dexamethasone administration is one of the most common causes of osteoporosis ([@b9-etm-0-0-5691]) and osteonecrosis of femoral head ([@b10-etm-0-0-5691]). Therefore, a clinical replacement for dexamethasone is urgently required in order to treat chronic asthma without generating any adverse reactions.

Limethason is a derivative of dexamethasone ([@b10-etm-0-0-5691]). It has previously been demonstrated that limethason can effectively ameliorate arthritis, macrophage-rich graft vs. host disease, arteriosclerosis and macular edema ([@b11-etm-0-0-5691]--[@b13-etm-0-0-5691]). In certain chronic inflammatory diseases, including Rheumatoid arthritis and hemophagocytic syndrome, limethason is 2--5 times more potent than dexamethasone phosphate against inflammation ([@b14-etm-0-0-5691]). As an ester prodrug of dexamethasone, limethason has a markedly increased lipophilicity ([@b15-etm-0-0-5691]).

Although the efficacy of limethason has been verified in multiple disorders, to the best of our knowledge, its function in asthma has not yet been reported. In the present study, the effects and adverse reactions of limethason were investigated in an ovalbumin (OVA)-induced chronic asthma mouse model. The present research could provide the basis for a new strategy of chronic asthma therapy in the clinic.

Materials and methods
=====================

### Animals

A total of 48 male BALB/c mice (weight, 20.27±1.09; aged 6--8 weeks) were purchased from the Fourth Military Medical University (Xi\'an, China). Prior to the experiments, the mice were kept under standard laboratory conditions (temperature, 23--25°C; humidity, 40--60%; with access to a 12-h light/dark cycle) for 1 week. All mice were provided with water and standard chow ad libitum. All animal protocols conformed to the guidelines of the National Animal Welfare Law of China, and experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals ([@b16-etm-0-0-5691]). The study protocols were approved by the Ethics Committee of Northwestern Polyechnical University (Xi\'an, China).

### The model of chronic asthma establishing

Mice were randomly divided into four groups (n=12 in each group): A normal control (NC) group, an OVA group, a dexamethasone and OVA (DEX + OVA) group and a limethason and OVA (LIM + OVA) group. Except for the NC group, all mice were sensitized with intraperitoneal injection of 10 µg OVA (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 100 µg aluminium hydroxide (Sigma-Aldrich; Merck KGaA) in 0.2 ml saline at days 0 and 14. Mice in the NC group were treated with 0.2 ml saline in the same way. From day 15, the mice were challenged with 2.5% (w/v) OVA (Sangon Biotech Co., Ltd., Shanghai, China) for 30 min using a medical gas atomizer (KYWH-1006; Shenzhen Lijian Medical Technology Co., Ltd., Shenzhen, China) after intraperitoneal injecting 1 mg/kg dexamethasone sodium phosphate (China National Medicines Co., Ltd., Shanghai, China) in the DEX + OVA group or 1.6 mg/kg limethason (MitsubishiPharma Co., Ltd., Guangzhou, China) in the LIM + OVA group. This was performed three times per week for a total of 9 weeks. The NC group was injected with 0.2 ml saline instead of dexamethasone or limethason. Mice were sacrificed 8 days after the last challenge (day 87) to characterize the effects of limethason on the airways of chronic asthma animals. Hematoxylin and eosin (H&E) staining and Periodic acid-Schiff (PAS) staining were performed using 6 mice per each group. The remaining 6 mice in each group were used for bronchoalveolar lavage.

### Measurement of AHR

AHR was estimated in unrestrained and conscious mice by whole-body plethysmography (Buxco; Data Sciences International, New Brighton, MN, USA) after the last aerosol challenge. Each mouse was placed in a chamber, then exposed to aerosolized PBS, followed by increasing concentrations of methacholine solutions (Sigma-Aldrich; Merck KGaA): 6.25, 12.5, 25 and 50 mg/ml dissolved in PBS. After adapting for 5 min, each exposure lasted for 3 min. An index of airway obstruction was measured during the response stage, which lasted 5 min. Finally, each mouse recovered for 3 min. Response and recovery stage was repeated after each concentration of methacholine. In the process of measuring AHR, some mice did not respond well to the experiment and became eclamptic or showed signs of difficulty in breathing, however mice did not succumb to the conditions. Subsequently, data were not collected for some mice in the NC (n=6), OVA (n=6), DEX + OVA (n=6) and LIM + OVA (n=6) groups. However, at least five mice were provided in each group.

### Leukocyte count in bronchoalveolar lavage fluid (BALF)

BALF analysis was performed in 6 mice in each group after sacrifice. The esophagus of mice were cut with operating scissors, \~2 mm incision was made, and cold PBS (4°C) was slowly instilled into the lungs 0.5 ml at a time, for a total of three times (1.5 ml). In the process of BAL, the operator failed to recover the fluid which was instilled into the lungs of some mice. However, the fluids from at least 5 mice per group were successfully collected. Data were not collected from 1 mouse in the NC, OVA and DEX + OVA group. The fluid was immediately centrifuged at 4°C, 100 × g for 10 min. The total number of cells was counted on ≥6 squares of a hemocytometer. Then, cell pellets were suspended in 1 ml of PBS, and 100 µl of each solution was placed onto a slide. After the slides were dried, cells were fixed in paraformaldehyde for 20 min at 25°C and stained using Diff-Quik stain reagents (Wuhan Goodbio Biotechnology Co., Ltd., China), according to the manufacturer\'s protocol. Cells were counted manually using a light microscope and a hemocytometer.

### Histopathology of lung and bone tissue, the index of organs/tissues were measured

Hematoxylin and eosin (H&E) staining and periodic acid-Schiff (PAS) staining were conducted after mice were sacrificed. Lung tissues were fixed in 4% (v/v) paraformaldehyde for 24 h at 4°C before embedding in paraffin. Mouse femurs were obtained after sacrifice and decalcified in 10% EDTA for 1 month after being fixed in paraformaldehyde fixed for 24 h at 4°C. Sections of fixed paraffin lung tissues were cut to a thickness of 5 µm using the microtome, then stained with H&E at room temperature for 28 min (Beyotime Institute of Biotechnology, Shanghai, China). Lung tissues were also subjected to PAS reagent at room temperature for 22 min (Wuhan Goodbio Biotechnology Co., Ltd.). The sections were visualized with a light microscope.

While lung tissues were obtained, liver, spleen, kidney, gastrocnemius and brown adipose tissue were also extracted. The weight of these organs and tissues was measured using an electronic scale and calculated as follows: Organ index=organ weight/body weight; Tissue index=tissue weight/body weight. In the process of obtaining the organs and tissues, some of which were incomplete due to human error. However, at least five mice were provided in each group.

### Analysis of bone mineral content (BMC) and bone mineral density (BMD) using dual-energy X-ray absorptiometry (DXA)

A DXA device (InAlyzer, MEDIKORS, Inc., Seongnam, Korea) was used to measure the BMC and BMD of experimental mice on day 78. The detection sensitivity of the DXA instrument was 0.001 g/cm^2^. A standard calibration block was used to calibrate the DXA device before measurements were made, according to the operator\'s manual. BMC and BMD measurements were taken after mice from the four groups had been anesthetized with 1.5% sodium pentobarbital (50 mg/kg, intraperitoneal injection; Kehao Biotech Co., Ltd., Xi\'an, China.). The BMC and BMD of the femora and total body were obtained. The mean BMD at each site was recorded. In the process of measuring BMC and BMD, The data were not included for some mice in the NC group (n=4) and LIM + OVA group (n=1) as unconscious movement during imaging resulted in inaccurate data. Subsequently data was not collected in all mice. However, data was collected in at least seven mice per group.

### Statistical analysis

Statistical differences among groups were analyzed by one-way analysis of variance, followed by Tukey\'s multiple comparison test. Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as the mean ± standard error of the mean. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Limethason decreases AHR

To evaluate the effects of limethason on airway function in a murine chronic asthma model, AHR to methacholine was examined at day 8 after the final OVA challenge using whole-body plethysmography ([Fig. 1A](#f1-etm-0-0-5691){ref-type="fig"}). With increased doses of methacholine, enhanced pause (penh) values increased to different degrees in the NC, OVA, DEX + OVA and LIM + OVA groups ([Fig. 1B](#f1-etm-0-0-5691){ref-type="fig"}). At a concentration of 50 mg/ml, the OVA group increased 1.7-fold (P\<0.05) compared with the NC group. The penh value of DEX + OVA was slightly lower compared with the OVA group, but the difference was not observed to be significant. In the LIM + OVA group, the penh values were similar to the NC group, and decreased by 34.3±5.14% compared with the DEX + OVA group (P\<0.05).

### Limethason reduces inflammation in lung tissue

To detect the anti-inflammatory effects of limethason, lung tissues were collected after the last OVA challenge. In the OVA group, leukocytes infiltrated into and around the bronchiole and mucous membrane, epithelial cells detached from the bronchiole, and the number of goblet cells increased compared with the NC group. ([Fig. 2](#f2-etm-0-0-5691){ref-type="fig"}). Meanwhile, the airway smooth muscle became thicker. In the DEX + OVA group, epithelial cells detached from the bronchiole, but leukocytes had infiltrated less compared with the OVA group and there was no obvious thickening of smooth muscle. In the LIM + OVA group, infiltration of leukocytes was reduced compared with the OVA group, and epithelial cells did not detach from the bronchiole. However, there was no obvious thickening of smooth muscle.

### Limethason reduces OVA-induced eosinophilia in BALF

To evaluate the suppression of eosinophilia by limethason, after the last OVA challenge, cells were classified and counted as a percentage of total leukocytes in the BALF ([Fig. 3](#f3-etm-0-0-5691){ref-type="fig"}). In the OVA group, a 5.8-fold increase in the level of eosinophils was observed compared with the NC group (P\<0.001). Following limethason treatment, the percentage of eosinophils decreased by 47.2±7.1% compared with the OVA group (P\<0.01). Following dexamethasone treatment the percentage of eosinophils decreased by 39.3±13.23% compared with the OVA group. The level of macrophages in the OVA group was observed to be 45.2±5.9% lower compared with the NC group (P\<0.01). Following limethason treatment, the level of macrophages increased by 50.7±15.1% compared with the OVA group. The level of macrophages in the DEX + OVA group decreased by 32.6±8.7% compared with the NC group (P\<0.05).

### Limethason suppresses mucus overproduction

One of the key characteristics of airway remodeling is mucus hypersecretion. PAS staining was performed to assess the quantity of mucus in lung tissue. In the OVA group, abundant mucus was observed, indicated by increased violet color in the bronchial airways, in comparison with the NC group. However, mucus content was markedly decreased in the DEX + OVA and LIM + OVA groups, with the largest decrease in the LIM + OVA group. These results suggested that limethason reduces mucus hypersecretion that occurs in the process of airway remodeling ([Fig. 4](#f4-etm-0-0-5691){ref-type="fig"}).

### Limethason exerts little influence on the morphology of femoral head, BMC or BMD

H&E staining of the femur was performed in order to evaluate the impact of limethason on bone tissue. BMC and BMD were tested by DXA 1 week before mice were sacrificed. In the NC group, trabecular bone was arranged neatly and completely with normal thickness. The bone lacuna of the femoral head was predominantly filled, while staining of cell nuclei was homogeneous. There were no notable differences in the OVA, DEX + OVA or LIM + OVA groups compared with the NC group ([Fig. 5A](#f5-etm-0-0-5691){ref-type="fig"}). The BMC in the OVA, DEX + OVA and LIM + OVA groups was similar to the NC group ([Fig. 5B](#f5-etm-0-0-5691){ref-type="fig"}). For total BMD, the LIM + OVA and DEX + OVA group were not significantly different from the NC group ([Fig. 5C](#f5-etm-0-0-5691){ref-type="fig"}). However, BMD in the OVA group was significantly lower compared with the NC group (P\<0.01). These results suggested that limethason has a low risk of causing osteonecrosis and bone loss.

### Limethason has no adverse impact on liver, spleen, kidney, gastrocnemius or brown adipose tissue

To assess whether limethason has side effects on organs and tissues in the process of treatment, all organs and tissues were collectesd after the last OVA challenge. The weight of liver, spleen, kidney, gastrocnemius and brown adipose tissue of mice were measured. No significant differences in the organ index of kidney, spleen or liver were identified between the NC, OVA, DEX + OVA or LIM + OVA groups ([Fig. 6A-C](#f6-etm-0-0-5691){ref-type="fig"}). There were also no significant differences in gastrocnemius or brown adipose tissue between the four groups ([Fig. 6D and E](#f6-etm-0-0-5691){ref-type="fig"}).

Discussion
==========

As an effective anti-inflammatory drug, limethason is used for treating multiple disorders, including macrophage activation syndrome, hemophagocytic lymphohistiocytosis and idiopathic pulmonary hemosiderosis ([@b15-etm-0-0-5691],[@b17-etm-0-0-5691],[@b18-etm-0-0-5691]). In addition, Hoshi *et al* ([@b19-etm-0-0-5691]) demonstrated that this drug has a higher treatment rate of rheumatoid arthritis with lower risk of side effects compared with dexamethasone. To the best of our knowledge, the present study is the first to investigate the effects of limethason on chronic asthma and its side effects. An OVA-induced mouse model of chronic asthma was established using the classical method ([@b20-etm-0-0-5691]), and dexamethasone was used as a positive control.

AHR is a feature of asthma, which is a chronic disease of the lower respiratory tract ([@b21-etm-0-0-5691]). In most situations, AHR is associated with airway inflammation, and is the gold standard measurement of bronchial constriction in asthma ([@b22-etm-0-0-5691]). Penh is an index of air constriction that reflects the level of AHR; the higher the penh value, greater the extent of AHR ([@b23-etm-0-0-5691],[@b24-etm-0-0-5691]). A notable finding in the present study was that limethason effectively inhibits AHR, and was more effective compared with dexamethasone. This result suggested that limethason is a potential bronchodilator for chronic asthma intervention.

To evaluate the suppressive function of limethason on leukocyte infiltration in the lungs of OVA-induced chronic asthma mice, H&E staining was used in lung tissue sections. The results indicated that limethason notably prevented inflammatory cell infiltration, and was more effective compared with dexamethasone. It is generally accepted that eosinophils are the primary leukocyte to infiltrate in OVA-induced mice ([@b25-etm-0-0-5691]). Thus, in the present study, the percentage of different leukocyte types was measured in BALF. The data indicated that limethason was more effective at suppressing eosinophils compared with dexamethasone. With regards to the quantity of leukocytes, macrophages and lymphocytes were the prominent types in the BALF of control mice, whereas eosinophils and neutrophils were present at lower levels. These results were consistent with Lei *et al* ([@b26-etm-0-0-5691]). Eosinophils are associated with airway remodeling and required for pulmonary mucus accumulation in asthma ([@b27-etm-0-0-5691],[@b28-etm-0-0-5691]). To further investigate the effect of limethason on eosinophils, PAS staining was used to examine mucus secretion in the lungs. The results indicated that limethason markedly inhibited mucus secretion. Mucus secretion increases permeability of the capillary wall, which leads to the serous fluid being exuded. Phlegm is also closely associated with the function of the lung. Therefore, it was proposed that limethason decreases mucus secretion by recovering pulmonary function ([@b29-etm-0-0-5691],[@b30-etm-0-0-5691]).

The key ingredient of limethason is dexamethasone, so the same dose of dexamethasone was used in the DEX + OVA and LIM + OVA groups. It has been established that GCs exhibit harmful effects on bone, muscle and cartilage at histological doses ([@b31-etm-0-0-5691]). In particular, the excessive use of GCs results in bone loss ([@b32-etm-0-0-5691]). GCs are the most common cause of secondary osteoporosis and a major reason for non-traumatic osteonecrosis ([@b33-etm-0-0-5691]). Between 9 and 40% of patients suffer from osteonecrosis after receiving long-term GC therapy ([@b34-etm-0-0-5691]). Osteoporosis is a systemic skeletal disorder, which is characterized by low BMD and deteriorating bone micro-architecture ([@b35-etm-0-0-5691]). In order to survey the side effects of limethason on bone tissue in the present study, H&E staining of the femur was performed. No notable differences were identified between the groups. Liu *et al* ([@b36-etm-0-0-5691]) used dexamethasone up to 2.66 mg/kg/day for 6 weeks to develop a mouse model of dexamethasone-induced osteonecrosis. Yoon *et al* ([@b37-etm-0-0-5691]) used 5 mg/kg prednisolone to establish a GC-induced osteonecrosis model in rats. However, the dose of dexamethasone in the present study was lower than in these previous studies, which may be the reason that no difference in bone micro-architecture was observed between the groups. However, a novel finding in the present research was that BMD was decreased in the OVA group. It has been verified that asthma has a association with BMD, and asthma is a well-known risk factor to osteoporosis ([@b38-etm-0-0-5691],[@b39-etm-0-0-5691]).

It is well known that organ weight is a sensitive indicator of drug toxicity. Organ weight and organ index are key characteristics that indicate the health of organisms. To detect the effect of limethason on organs and tissues, organ and tissue indexes were measured in the present study. However, no significant differences were observed between the groups. These results indicated that limethason did not damage the liver, spleen, kidney, gastrocnemius or brown adipose tissue. Notably, dexamethasone did not seem to cause any damage either. This is a limitation in this study. The present results for gastrocnemius and brown adipose tissue were inconsistent with the findings of previous studies ([@b40-etm-0-0-5691],[@b41-etm-0-0-5691]). This may be because the duration of the experiment was not long enough. Although it has been reported that dexamethasone induces skeletal muscle atrophy ([@b42-etm-0-0-5691]), overuse of GC is also associated with human obesity ([@b43-etm-0-0-5691]). The present results for gastrocnemius and brown adipose tissue were inconsistent with the findings of previous studies. This may be because the duration of the experiment was not long enough to observe marked differences between groups.

In conclusion, the present study confirmed that limethason suppresses inflammation in an OVA-induced chronic asthma murine model, and briefly evaluated adverse reactions to limethason. The present results indicated that limethason effectively inhibits AHR, leukocyte (particularly eosinophil) infiltration and mucus hypersecretion, but does not cause side effects on the head of femur, liver, spleen, kidney, gastrocnemius or brown adipose tissue. These results indicate that limethason may be more effective for treating chronic asthma compared with dexamethasone, with no obvious side effects on tissues or organs during treatment. The present study provides a novel approach for treating chronic asthma, and limethason could potentially be used instead of dexamethasone for treating chronic asthma. The underlying molecular mechanism of limethason could be investigated in future studies.
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![Effect of limethason treatment on AHR. (A) AHR measurement equipment. (B) AHR was measured at day 8 after the last OVA challenge, and all mice were administered with methacholine (6.25--50 mg/ml). NC group, n=6; OVA group, n=6; DEX + OVA group, n=6; LIM + OVA group, n=6. Data are expressed as the mean ± standard error of the mean. \*P\<0.05 vs. NC; ^\#^P\<0.05 vs. OVA; ^+^P\<0.05 vs. LIM + OVA. AHR, airway hyperresponsiveness; NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone; penh, enhanced pause.](etm-15-03-2269-g00){#f1-etm-0-0-5691}

![Effect of limethason on airway structure. Hematoxylin and eosin staining of lung sections. Scale bar=100 µm. Arrows indicate changes in the airway. Black arrows indicate leukocytes; dashed arrows represent goblet cells; boxes represents that epithelial cells detached from the bronchiole; and the blue arrow indicates smooth muscle. NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone.](etm-15-03-2269-g01){#f2-etm-0-0-5691}

![Effect of limethason on inflammatory cell response. Lymphocytes, macrophages, neutrophils and eosinophils were counted in BAL fluid analysis. NC group, n=5; OVA group, n=5; DEX + OVA group, n=5, LIM + OVA group, n=6. Data are presented as the mean ± standard error of the mean. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. BAL, bronchoalveolar lavage; NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone.](etm-15-03-2269-g02){#f3-etm-0-0-5691}

![Periodic acid-Schiff staining of mucus accumulation. Scale bar=50 µm. Arrows indicate areas of mucus accumulation. NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone.](etm-15-03-2269-g03){#f4-etm-0-0-5691}

![Effect of limethason on bone tissue in an OVA-induced chronic asthma mice model. (A) Hematoxylin and eosin staining for head of femur sections. Scale bar=100 µm. Arrows represent osteocytes in bone lacuna. (B) Whole-body BMC. NC group, n=8; OVA group, n=7; DEX + OVA group, n=12; LIM + OVA group, n=10. (C) Femur BMD. NC group, n=8; OVA group, n=12; DEX + OVA group, n=12; LIM + OVA group, n=11. Data are presented as the mean ± standard error of the mean. \*\*P\<0.01. BMC, bone mineral content; BMD, bone mineral density; NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone.](etm-15-03-2269-g04){#f5-etm-0-0-5691}

![Side effects of limethason on other organs and tissues of mice. The organ/tissue indexes were calculated as followed: Organ or tissue weight/body weight. Data are presented as the mean ± standard error of the mean. (A and C) Liver and kidney indexes: NC group, n=7; OVA group, n=11; DEX + OVA group, n=10; LIM + OVA group, n=11. (B) Spleen index: NC group, n=7; OVA group, n=11; DEX + OVA group, n=10; LIM + OVA group, n=11. (D) Gastrocnemius index: NC group, n=7; OVA group, n=10; DEX + OVA, n=10; LIM + OVA, n=11. (E) Brown adipose tissue index: NC group, n=7; OVA group, n=10; DEX + OVA, n=10; LIM + OVA, n=11. NC, normal control; OVA, ovalbumin; LIM, limethason; DEX, dexamethasone.](etm-15-03-2269-g05){#f6-etm-0-0-5691}
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